Puumala hantavirus (PUUV) is the most common and widespread hantavirus in Europe and is associated with a mild form of haemorrhagic fever with renal syndrome in humans, called nephropathia epidemica. This study presents the molecular characterization of PUUV circulating in bank voles in two regions of the Netherlands. Most human cases of hantavirus infection are from these two regions. Phylogenetic analysis of the (partial) S, M and Lsegments indicated that the Dutch strains belong to the CE lineage, which includes PUUV strains from France, Germany and Belgium. We have identified two distinct groups of PUUV, corresponding with their geographic origin and with adjoining regions in neighbouring countries.
INTRODUCTION
Hantaviruses (genus Hantavirus, family Bunyaviridae) are negative-stranded, enveloped viruses with a tri-segmented RNA genome. The small (S), medium (M) and large (L) RNA segments encode, respectively, the nucleocapsid (N) protein, the two surface glycoproteins (Gn and Gc) and the RNA-dependent RNA polymerase (L protein) (Plyusnin et al., 1996) . Hantaviruses are zoonotic viruses carried by rodents, insectivores and bats (Reusken & Heyman, 2013) . Humans are dead-end hosts and become infected by inhalation of aerosolized virus in contaminated rodent urine and faeces. In Europe, different rodent-borne hantavirus species have been detected: Dobrava virus (DOBV), Saarema virus (SAAV or DOBV-Aa), Seoul virus (SEOV), Puumala virus (PUUV) and Tula virus (TULV) (Vapalahti et al., 2003) . However, there is an ongoing discussion about the classification of SAAV (Klempa et al., 2013) . All hantavirus species have their own main reservoir rodent species Reusken & Heyman, 2013; Vapalahti et al., 2003) . PUUV, SEOV, SAAV and DOBV are known to cause haemorrhagic fever with renal syndrome (HFRS) in humans, whereas there is increasing evidence for the pathogenicity of TULV (Mertens et al., 2011; Reusken et al., 2008; Zelena et al., 2013) . PUUV is the most common and widespread hantavirus in Europe. It is associated with a mild form of HFRS, called nephropathia epidemica (NE). The reservoir host of PUUV is the bank vole (Myodes glareolus).
Annually, four to 24 human hantavirus cases were reported in the Netherlands in the period 2009-2013 (Sane et al., 2014) , of which the majority were in the eastern and southern parts of the country, indicated in Fig. 1 . Infections with hantaviruses were observed to be underreported, most probably due to a lack of awareness among physicians (Goeijenbier et al., 2014; Sane et al., 2014) . In the Netherlands, diagnosis is routinely based on serology, as viraemia in humans is short-lived and diagnostic requests are not timely for molecular testing. Autochthonous human cases in the Netherlands are automatically considered to be due to a PUUV infection; however, a conclusive species identification in individual patients is hampered by the different levels of cross-reactivity that exist among different hantavirus species in routinely used serology (Goeijenbier et al., 2014; Reusken et al., 2008; Reusken, 2009) . Conclusive evidence for the occurrence of human PUUV infections in the Netherlands
The Genbank/EMBL/DDBJ accession numbers for sequences generated in this study are KU314896-KU314925.
One supplementary figure and one supplementary table are available with the online Supplementary Material. was only provided recently using comparative neutralization assays (Gold Standard Serology) (Goeijenbier et al., 2014) . Early observations by Groen et al. (1995) showed the presence of PUUV-like specific antibodies in bank vole and common vole (Microtus arvalis), indicative for circulation of, respectively, PUUV and TULV in voles in the Netherlands (Groen et al., 1995) . Molecular data on circulating hantaviruses in the Netherlands are limited to one report in which the presence of TULV in common voles was confirmed and a recent report on the presence of genomic fragments of SEOV in brown rats (Verner-Carlsson et al., 2015) .
Genetic variation in the S segment of PUUV exhibits some geographical structure within the distribution of bank voles (Nemirov et al., 2010; Razzauti et al., 2009; Sironen et al., 2001) . Eight genetic lineages of PUUV have been detected: (i) a Central European (CE) lineage including strains from France, Belgium, Germany and Slovakia; (ii) an Alpe-Adrian (ALAD) lineage with strains from Austria, Slovenia, Croatia and Hungary; (iii) a Danish (DAN) lineage; (iv) a South Scandinavian (S-SCAN) lineage including strains from Norway and southern Sweden; (v) a North Scandinavian (N-SCAN) lineage in northern Sweden; (vi) a Finnish (FIN) lineage circulating in Finland, Russian Karelia and western Siberia; (vii) a Russian (RUS) lineage with strains found in Russia and Estonia; and (viii) a Latvian (LAT) lineage with strains from Latvia (Razzauti et al., 2012) and north-east Poland (Ali et al., 2014) . Here, we investigated and genetically characterized the presence of PUUV in bank voles at five different locations in the Netherlands. At one location, a longitudinal monitoring study was performed, with bi-yearly sample collections from 2007 until 2013. At four locations, cross-sectional data were collected in 2008. We present molecular evidence for PUUV circulation in the Netherlands, including characterization of the circulating strains at different locations and times.
RESULTS

Serological investigation of rodents trapped at sites where human cases occurred
Five trapping locations were selected, based on recent occurrence of serologically confirmed human cases of PUUV-(like) infection ( Fig. 1) . A longitudinal study was initiated at a location (location A) in the region of Twente, known to be 
endemic for circulation of hantaviruses (Groen et al., 1995) . (Schimmer, 2008) . Trapping sites B and C were at and near the premises of two patients, while location C was a moorland area around which the human cases were distributed and some of the cases spent time doing recreational activities. Location E was an office building in the same province where the presence of rodents above the ceiling was confirmed after complaints of nuisance and a positive case of hantavirus serology among personnel of the office.
Whole-blood samples of bank voles trapped at locations A-D were tested for the presence of PUUV-reactive antibodies. Table 1 depicts the number of bank voles that were tested and the percentages of seropositivity that were observed. All trapping sites showed serological evidence for circulation of PUUV in the local bank vole population, at least in one of two instances per year, except for 2013 at site A when very few animals were trapped. This indicated that the human cases living near locations AÀC might have contracted the disease in their direct living environment. In the longitudinal sampling at location A, seasonal and yearly fluctuations in the number of trapped animals were observed, as well as fluctuations in the levels of seropositivity. The number of trapped animals ranged from 4 to 76 per site per instance using the same number of traps The proportion of seropositive animals ranged from 0 to 62 %.
Molecular investigation and phylogenetic analysis
Lung tissues from seropositive bank voles trapped at locations AÀD and all animals trapped at location E were analysed for the presence of PUUV RNA using a reversetranscription (RT)-PCR method targeting part of the S-segment. Initial sequencing results showed little to no variation between sequences. Based on these findings, not all seropositive animals were tested by RT-PCR. PUUV RNA was present in 12.5-80 % of all seropositive bank voles tested (Table 1) . PCR products from positive bank voles from all locations, years and seasons were sequenced and analysed to assess the diversity of the circulating PUUV strains at the different locations (Table 1) . The nucleotide and amino acid identities of the partial S-segment indicated circulation of two distinct groups of viruses at the sample locations in agreement with their geographic origin ( Partial M-(390 nt), L-(413 nt) and complete nucleocapsid (N) protein-coding region of the S-segment (1820 nt) nucleotide sequences were generated from strains circulating at locations A-E. Table 3 shows the, nucleotide substitutions over the years in partial S-, complete S-and partial M-and L-sequences from location A. We compared sequences from strain 31, sampled in July 2007, to those from strains sampled in July and October over subsequent years. Almost all nucleotide substitutions were detected only once. In July 2008, we only found one of the nt-substitutions , for both partial M-and L-sequences,in more than one strain and only in July 2008. In the complete S-segment, only one substitution in 2011 was found more than once. The only strain with a C at position 861 was the reference strain 31 from July 2007. 
Numbers identify individual bank voles captured in July or October in different years. All nucleotide substitutions were detected only once unless indicated otherwise. *Substitution from C to T at position 861. †Substitution from C to T at position 260. ‡Substitution from G to A at position 277 (position numbers of strain 31, July 2007). §Substitution from G to T at position 1452. -ID Nucleotide and amino acid sequences of our selected reference strains were compared to those of other known European PUUV strains (Table 4 ). Based on the complete nucleocapsid (N) protein-coding region of the S-segment, strain B 2 shared the highest nucleotide identity with strains from Belgium and France (range 93.2-94.9 %). Strain A 31 from July 2007 shared the most nucleotides with strain Astrup07/1219 from Germany (91.5 %). Amino acid identities were high between all European strains (96.7-99.5 %). Looking at the partial M-segment at the nucleotide level, strain A 31 was most similar to strain Astrup07/1219 (89 %). Strain B 2 was most similar to the French strain CG13891 at the nucleotide and amino acid levels (96.9 and 100 %). Partial L-segment sequences were compared to those of strains from Germany, Scandinavia, Russia and Latvia. In this case, strain A 31 was most similar to strain Astrup07/1219 at the nucleotide and amino acid levels (87.8 and 98.2 %). Strain B 2 was most similar to strain A 31.
Phylogenetic analysis with S-segment nucleotide sequences (nt 355-1064) showed that strain 31 from location A was most closely related to sequences found in the region of Münsterland and Osnabruck in Germany. Dutch strains from locations B-E were most closely related to strains from France, Belgium and Cologne in Germany (Fig. 2) . This confirmed the circulation of two distinct groups of CE lineage PUUV in the two regions in the Netherlands. Similar to this, Dutch partial M-sequences also formed two different groups within the CE lineage. Again, the sequence from location A clustered with sequence Astrup07/1219 from region Osnabruck in Germany, and sequences B-E clustered with strain CG13891 from France (Fig. 3 ). Phylogenetic analysis with partial L--segment sequences also showed two different groups of sequences. The sequence from location A clustered with strain Astrup07/1219 from the Osnabruck region in Germany. The B-E group was separated; no L-segment sequences from the strains from Belgium or France are available ( Fig. S1 , available in the online Supplementary Material).
DISCUSSION
Here we provide molecular confirmation for the circulation of PUUV in bank voles in the Netherlands, supporting recent serological data on the presence of PUUV-neutralizing antibodies in humans (Goeijenbier et al., 2014) . Phylogenetic analysis of the (partial) S-, M-and L-segment sequences of the PUUV strains indicated that all Dutch sequences belong to the CE lineage. Within this lineage, there was a clear geographically based clustering of the Dutch PUUV sequences; strains obtained from four locations in the region Noord-Brabant (locations B-E) clustered together but separately from the strain detected in bank voles in the Twente region (location A). Both regions are known to be endemic for NE, with most human cases reported from Twente (Goeijenbier et al., 2014; Sane et al., 2014; Schimmer, 2008) . As the rodents were trapped at locations where specific human cases were residing or working, our observations indicate that these cases might Table 4 . have contracted NE during their daily activities. As expected, we found fluctuations in the number of captured bank voles and the PUUV seroprevalance therein. This is comparable to neighbouring countries, and is probably driven by environmental factors (Heyman et al., 2012) .
We have identified two distinct groups of PUUV, corresponding with their geographic origin. Sequences from location B-E clustered with sequences from France, Belgium and Cologne in Germany. Partial S-sequences from location A were most closely related to sequences found in the regions of Münsterland and Osnabruck, Germany (Ali et al., 2015; Ettinger et al., 2012) .
The PUUV divergence of 14 % observed between sequences of the complete coding (N) region of the S-segment from the two locations was higher than the range of diversity within Denmark (5 %) or south-east Germany (0.2-3.1 %) (Essbauer et al., 2006; Sironen et al., 2002) , but more similar to the divergence found between strains from different clades within Germany (11-18.7 %) corresponding to different geographic regions (Ettinger et al., 2012; Ulrich et al., 2008) .
This strong divergence between the two clusters of PUUV sequences within the Netherlands is absent when comparing each of the two clusters to PUUV sequences obtained from rodents from adjoining regions in neighbouring countries. This clear geographic clustering could be due to the presence of two main rivers (Rhine and Meuse) that bisect the country, serving as natural barriers that might prevent vole populations, and the viruses they carry, from mixing. Indeed, the PUUV strains in regions B-E cluster with German strains found on the south-westside of the river Rhine while the strains in region A cluster with German strains from the north-east side of the river. The differences observed, together with the limited evolution and genetic stability of PUUV over time at a single study site, are indicative for spatial evolution of the two virus clusters in the Netherlands. However, because the number of sequences determined at each site and the time-points were limited, in the future more sequences taken at each sampling moment could strengthen this observation.
METHODS
Trapping. At locations A-D, bank voles were trapped with Longworth traps (Bolton) baited with hay, apple, carrot and oatmeal. The rodents were anaesthetized with isoflurane. An orbita puncture was performed to obtain 10 µl blood for serological screening. Positive animals were anaesthetized for a second time and euthanized by cardiac puncture. Organs and tissues were harvested, stored in RNAlater reagent (Ambion) and transferred to À80 C for future genetic analysis. Five seronegative animals were euthanized and sampled as well for future reference, the and remaining seronegative animals were released at the exact trapping sites. All animals were handled in compliance with Dutch laws on animal handling and welfare (RIVM animal ethical committee permits numbers 200800053, 200800113 and 20100139) .
At location E, the bank voles were snap-trapped by a professional rodent control firm. The complete animals were frozen upon capture for tissue sampling. No serum samples were available from these animals.
Serology. Serological screening was performed on-site using a PUUV-IgG immunochromatography fast test (Reascan: Ab-Dect PUUMALA IgG test, Oy Reagena) on whole blood according to the manufacturer's instructions and as described previously . This test is known to be specific for the genus hantavirus, but to show crossreactivity with TULV and weak cross-reactivity to IgG antibodies against DOBV and SEOV (http://www.reagena.fi/en/products/infectious-diseases-zoonoses/puumala-virus-rodents-reascan-ab-dect/; Reusken et al., 2008) .
RT-PCR, cloning and sequencing. Total RNA was extracted from lung samples of seropositive bank voles trapped at locations A-D and from all bank voles at location E, in a class II biological safety cabinet. Lung tissue was disrupted using liquid N 2 and pestles, and RNA was extracted using an RNeasy isolation minikit (Qiagen), including a Qiashredder step for homogenization and DNase I treatment. Quality control of the RNA isolation was performed with b-actin RT-PCR using primers Actin-Fw and Actin-Rv as described previously (Pinelli et al., 2005; Reusken et al., 2008 ; Table S1 ). Initial screening for the presence of PUUV RNA was done by targeting the S-segment using a conventional, nested RT-PCR as described in Table S1 (Heyman et al., 2002; Plyusnin et al., 1994) . To obtain sequence data for each genome segment for reliable phylogenetic analysis (Maes et al., 2009 ), a selection was made of S--segment RT-PCR-positive bank voles from the five different locations and, for the longitudinal study, from different years. L-segment and Msegment amplicons were obtained as described in Table S1 ( Razzauti et al., 2009) . All fragments were purified with ExoSAP-IT PCR clean-up (Isogen Life Science) and sequenced using BigDye Terminator (Perkin Elmer/ABI) and an ABI 3730 sequencer using the RT-PCR forward and reverse primers.
The sequences of the complete nucleocapsid (N) protein-coding region of the S-segments were obtained by cloning of the first round PCR product of the nested PCR (Plyusnin et al., 1994) into a pCR2.1-TOPO vector using a TOPO-TA kit (Invitrogen) and subsequent sequencing using standard primers as specified by the manufacturer. In some cases, additional primers were used to obtain complete S-segment sequences (primers available on request).
Phylogenetic analysis. Multiple sequence alignment of partial S-, Mand L-segment and complete S-segment sequences was carried out using BioNumerics version 7.1 (Applied Maths). Nucleotide sequences were compared to PUUV sequences from GenBank, after subtraction of the primer sequences. Phylogenetic analysis was performed by maximumparsimony tree calculation and bootstrap analysis. Resampling for bootstrap analysis was performed after calculation of the most parsimonious trees. The unrooted maximum-parsimony trees were rooted with the most distant sequence for each (partial) segment from East Asia. Nucleotide distance calculation and neighbour-joining tree inference produced similar trees (data not shown).
